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This study reported that the intercalation of C20 organoclay was achieved in polyurea (PUr) matrices. The
signiﬁcant reinforcement was observed in a highly crosslinked PUr (HPUr), in which the Young’s modu-
lus, stress and elongation at break was improved by 40%, 110% and 50%, respectively, with the addi-
tion of 5 wt% C20. The energy dissipation of HPUrs was more than doubled by 5 wt% C20 at the strain of
50% and 100%. It was also found that the reinforcement was not equally signiﬁcant in a lowly crosslinked
PUr, indicating that macromolecular structure of the PUr matrices was important for optimizing the
nano-effect in the nanocomposites.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Polyurea (PUr) is a fast reacting elastomer with excellent
mechanical properties. It is the one of key materials with strong
protective abilities against the mitigation of blast [1–3] and ballis-
tic impact [4–6]. The chemistry of urea (–NH–CO–NH–) is involved
with the reaction between amine groups (–NH2) and isocyanate
groups (–NCO). The reaction of PUr is rapid even at low tempera-
ture, and this allows the manufacture of PUr outdoors easily [7].
Nowadays, increasingly harsh working environment is critically
challenging the protective ability of engineering materials for per-
sonnel. Increasing the mass of the materials is one of simple routes
to solve this problem, but the burden of personnel increases with
these heavy protective instruments. Alternatively, nanocomposite
technology has been considered as a potential approach to develop
lightweight materials with enhanced mechanical properties [8–
10]. The formation of polyurethane (PU) elastomers results from
the reaction between hydroxyl (–OH) groups and isocyanate
groups (–NCO). Both of PU and PUr elastomers are currently used
as protective coatings and liners. The reinforcement of PU elasto-
mers by a variety of nanoﬁllers including organoclays, carbon
nanotubes and functionalized graphene has been successfully
demonstrated by us and other research groups [11–15]. However,
the studies on PUr nanocomposites, to our best knowledge, are
limited. Casalini et al. [16] demonstrated that the modulus of PUrs
was effectively enhanced by a range of nanoﬁllers including nanoc-lays (Cloisite 10A), multi-walled carbon nanotubes and polyhedral
oligomeric silsesquioxane (POSS). However, they found that the
tensile strength and toughness were not signiﬁcantly improved.
Qian et al. [17] reported that the low addition of graphene oxide
(0.2 wt%) substantially increased the tensile strength and elonga-
tion of PUrs, but the overloading of graphene oxide affected the
polymerization of PUrs and resulted in the reduction in their
molecular weights.
Commercially available organoclays are thought to be more
affordable than other popular nanoﬁllers such as carbon nanotubes
and functionalized graphene for manufacturing polymer nanocom-
posites. The modiﬁcation of silicates layers provides a great deal of
chance for the dispersion of organoclays in polymer melts and liq-
uids without the help of organic solvents [18]. It makes them very
welcomed by industry for sake of reducing carbon emission and
processing dangers. The layered structures of nanoclays bring the
complexity to the understanding of the dispersion and reinforcing
mechanism as it is well-known that the exfoliated or intercalated
structures are usually formed in polymeric matrices [9]. In this
work, we are strongly motivated to explore a solvent-free method
for making high mechanical performance PUr/organoclay nano-
composites and in particular understand the reinforcing effects of
organoclays in PUr matrices. In addition to the dispersion and
interface that are conventional factors for optimizing nano-
reinforcement, this work also suggests that the nano-reinforcement
also relies on the macromolecular structure (crosslinking degree)
of PUrs. This could provide a new angle to tailor the mechanical
performance of PUr nanocomposites for better personnel
protection.
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2.1. Materials
Polyetheramine (PEA) (D-2000, D4000 and T5000) were kindly
supplied by Huntsman (Belgium). The character of ‘‘D’’ and ‘‘T’’ rep-
resents di- and tri-functionality, respectively. The number follow-
ing the characters indicates the average molecular weight of
polyetheramine. Poly(propylene glycol) (PPG) (Lupranol2090)
were manufactured by BASF (Germany) and kindly provided by
Elastogran Ltd. (UK). Lupranol2090 is a tri-functional PPG (tri-
PPG) with an average molecular weight of 6000. Two kinds of
organoclays including B30 (Cloisite30B, methyl tallow bis-2-
hydroxyethyl quaternary ammonium(MT2EtOH)-MMT) and C20
(Cloisite20A, dimethyl dehydrogenated tallow quaternary ammo-
nium(2M2HT)-MMT) were purchased from Southern Clay Prod-
ucts, Inc. All of other chemicals including 1,4-butanediol (BDO),
glycerol, isophorone diisocyanate (IPDI) and dibutyl tin dilaurate
(DBTL) were purchased from Aldrich (UK). Anti-bubble agent
(BYK 7709) was purchased from BYK-Gardner GmbH (Germany).
2.2. In-situ synthesis of PUr/organoclay nanocomposites (PUrCNs)
Table 1 lists the formulation of three PUr matrices prepared in
this study with different crosslinking degree, which is denoted as
lowly crosslinked PUr (LPUr), medium crosslinked PUr (MPUr)
and highly crosslinked PUr (HPUr), respectively. The hard segment
content is around 20 wt% for all PUrs. The crosslinking degree is
controlled by the percentage of tri-functional PPG and glycerol in
the formulations. The addition of tri-PPG is also used to control
the rate of polymerization due to less reactivity of hydroxyl groups
than amine groups. A typical procedure is given here for ﬁlling PUr
with C20 organoclays. Firstly, the liquid mixture of PPG and PEA is
stirred with the organoclay at 80 C for 3 h, which is the key step
for achieving the good dispersion of C20 organoclays in PUr matri-
ces. Then, the nano-ﬁlled polymer liquid is mixed with other
chemicals by stirring. After vacuum degassing, the mixture is
transferred into an O-ring metal mould pre-sprayed with a silicone
release agent. Further vacuum degassing is applied to the mixture
in the mould until no bubbles are observed. Finally, the curing is
performed at a hot oven (70 C) for three days. Pure PUrs are syn-
thesized following the same procedure without organoclays
involved.
2.3. Characterization
X-ray diffraction (XRD) patterns were obtained using Philip-X’
Pert X-ray diffractometer (anode 40 kV, ﬁlament current 35 mA)
with nickel-ﬁltered Cu Ka (k = 0.1542 nm) radiation at a scan
speed of 1min1. Transmission electron microscopy (TEM) analy-
sis was conducted using a JEOL 2100 FX instrument. The samples
were microtomed to 100–150 nm thick slices using Huxley-Pattern
Ultra-microtome (Cambridge Scientiﬁc instruments Ltd., UK), and
then placed into standard TEM copper grids. Tensile tests were car-
ried out using a Hounsﬁeld test machine at a crosshead rate of
250 mm/min. Five specimens were tested for each sample. Hyster-
esis tests were also performed on a Hounsﬁeld test machine, inTable 1
Formulations of lowly crosslinked PUrs (LPUr), medium crosslinked PUr (MPUr) and
highly crosslinked PUr (HPUr).
D2000 2090 T5000 Glycerol BDO IPDI BYK-
7709
DBTL
LPUr 15 6 – – 0.9 4.85 0.13 0.16
MPUr 12 6 5 – 0.9 4.85 0.13 0.16
HPUr 12 6 5 0.61 – 4.85 0.13 0.16which loading/unloading cycles were generated within speciﬁc
strains at loading/unloading rate of 250 mm/min. In unloading
curves, the residual strain associated with zero load was measured
as permanent set.
3. Results and discussion
The architecture of organoclays consists of silicate layers and
interlayer galleries. The organic modiﬁers ionically bonded to the
silicate layers reduces the interaction between silicate layers and
increases the d-spacing of the galleries. The dispersion of organoc-
lays concerns two types of microstructures: intercalation and exfo-
liation. The intercalation means that the d-spacing of interlayer
galleries is expanded with the insertion of polymer chains without
the damage to the layered structures. The exfoliation sees that the
layered structures are completely demolished and individual sili-
cate layers are formed in polymeric matrices. Fig. 1 shows the
XRD patterns of C20 and B30 in di- and tri-PEA. It can be seen that
the diffraction peak at 4 belonging to C20 vanishes and two new
peaks of 2.3 and 4.6 appear in the XRD patterns of the PEA/3 wt%
C20 mixture, indicating the insertion of PEA chains into the galler-
ies of C20. More broadly, the intercalation is independent of molec-
ular weight and architecture of PEA. The difference is observed
when 3 wt% B30 is dispersed into PEA. The position of peak for
the B30 in PEA observes slight downshift in comparison with that
of the pure B30, indicating that intercalation or exfoliation of the
B30 fails to occur in di- or tri-PEA. Our previous work has demon-
strated that mixing temperature and molecular architecture are
responsible for the intercalation or exfoliation of the organoclay
in PPG [19]. According to thermodynamics,
DG ¼ DHmix  TDSmix ð1Þ
where T is the temperature of mixing, DHmix and DSmix is the
enthalpy and entropy of mixing, respectively. Ideally, if DHmix is
very small or zero the exfoliation of layered nanoclays spontane-
ously takes place independent of mixing temperature. Coleman
and his coworkers [20] have developed an exfoliation mechanism
of layer structured graphite in organic solvents. An equation for cal-
culating the enthalpy of mixing (DHmix) is produced as below:
DHmix
Vmix
 2
T flake
ðdG  dsolÞ2; ð2Þ
where Vmix is the volume of the mixture, Tﬂake is the thickness of
graphite ﬂakes, di ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
Eisuf
q
and Eisuf is the surface energy of the com-
ponents in the mixture including graphite (G) and organic solvents
(sol). ; is the volume fraction of graphite. The exfoliation of graphite
occurs when the surface energy of graphite and organic solvents
matches with each other. Here, this equation is used to understand
the exfoliation of nanoclays in the liquid polymers where the liquid
polymers are viewed as macromolecular ‘‘solvents’’. Minimizing
DHmix and increasing T are the effective routes to ensure the nega-
tive value of DG. MMT has the energy surface as high as 205 mJ/
m2 [21]. Neither intercalation nor exfoliation can be achieved for
inorganic MMT due to the big difference in the surface energy
between inorganic MMT and tri-PPG at room temperature. Increas-
ing the mixing temperature offers the chance for the intercalation of
MMT [22]. This energetic difference can be reduced by the surface
modiﬁcation of MMT with organic modiﬁers since the ions on the
surface of silicates are exchanged with organic molecules. Our pre-
vious studies revealed that the high level of intercalation accompa-
nied with partial exfoliation of C20 could be yielded in a tri-PPG
(Lupranol2090) at 80 C as the 2M2HT was used as the modiﬁer
to reduce the surface energy of inorganic silicate layers [19]. The
B30 with the organic modiﬁer of MT2EtOH was able to be fully
exfoliated in the tri-PPG as the mixing temperature was increased
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Fig. 1. XRD patterns of the dispersed organoclay (C20 and B30) in di-functional and tri-functional PEA (D2000, D4000 and T5000), respectively.
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(1) MT2EtOH with two branched hydroxyl groups produced smaller
energetic difference with the tri-PPG and thereby reduced DHmix in
comparison with the 2M2HT modiﬁer terminated with methyl
groups; (2) mixing temperature was increased to enhance the value
of the second term in the thermodynamic equation. In this work, we
attempt to take the advantage of this understanding and disperse
organoclays in PEA, the basic macromolecular block of PUrs. PPG
and PEA have same backbone but is terminated with hydroxyl
(OH) and amine (NH2) group, respectively. The results above show
that C20 can be intercalated by PEA but B30 fails to be intercalated
or exfoliated. The possible reason might be that the amine-hydroxyl
interactions between PEA and MT2EtOH contribute more positive
DHmix than the hydroxyl–hydroxyl interactions between PPG and
MT2EtOH. This investigation leads us to choose C20 as the rein-
forcement for PUrs. The mixture of PEA and C20 is cured by isocy-
anate in presence of tri-PPG and glycerol to form solid PUr/C20
nanocomposites. The XRD patterns of PUr/5%C20 nanocomposites
in Fig. 2 shows that the intercalation of C20 is also achieved in
the matrix of LPUr, MPUr and HPUr, respectively.
Fig. 3(a) shows the typical stress–strain curves of HPUr/C20
nanocomposites. It is clearly shown that C20 demonstrates excel-
lent ability to make HPUr stiffer, stronger and tougher. According
to Fig. 3(b), the Young’s modulus, tensile strength and elongation
at break of HPUr is improved by 40%, 110% and 50%, respec-
tively, with the addition of 5 wt% C20. The addition of C20 organoc-
lays results in balanced enhancement across the stiffness, strength2θ
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Fig. 2. XRD patterns of pure C20 (light blue), LPUr (black), MPUr (red) and HPUr
(green) and HPU (dark blue) with 5% C20. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)and ductility. The improvement of stiffness generally relies on the
interaction between nanoﬁllers and polymer matrices. The modi-
ﬁed silicate layers with organic molecules are able to form stronger
physical interaction with polymer matrix for better stress transfer
in comparison with unmodiﬁed silicates. The unique contribution
of intercalated organoclays to the elongation at break could be
interpreted by a mechanism proposed in PU systems with interca-
lated C20 organoclays [23]. It has been found that the d-spacing of
two neighboring silicate layers with elastic PU phase undergoes
reversible change during the loading–unloading process. External
deformation increases the d-spacing during the loading process
and the conﬁned elastic phase between two paralleling silicate lay-
ers is capable of turning the kinetic energy generated by external
deformation into potential energy. Additionally, the external
energy can be dissipated in the form of frictional heat due to the
mobility of the silicate layers. Therefore, the intercalated organoc-
lays are capable of easing the concentration of internal stress and
making PUr more ductile.
In this study, we further demonstrate that the reinforcing effect
of C20 is dependent of the crosslinking degree of PUrs that is con-
trolled by tri-functional glycerol. Three kinds of PUr with different
crosslinking degree are formulated, namely LPUr, MPUr and HPUr.
In terms of the stiffness, it can be concluded from the loading
curves in Fig. 4(a–c) that the modulus and stress at 50% strain is
increased more by 5% C20 for the more crosslinked sample.
Increasing the crosslinking degree to reduce the mobility of poly-
mer chains is beneﬁcial for the enhancement of the stress transfer.
In order to consider the effect of hydrogen bonding that varies in
three PUrs, a highly crosslinked polyurethane (HPU) is formulated
to have roughly the same crosslinking degree and hard segment in
comparison with HPUr. This is achieved via replacing polyetheram-
ines in the formulation of HPUr by the polyether with the same
molecular weight and functionality. Fig. 5 shows that HPUr is
much stronger than HPU which is mainly ascribed to less hydrogen
bonding in HPU. However, the incorporation of 5 wt% C20 results
in signiﬁcant reinforcement of HPU and HPUrs at nearly same level.
(The improvement of Young’s modulus and stress at break of HPU
reaches 40% and 200%, respectively.) It indicates that the
change of hydrogen bonding imposes negligible inﬂuence on the
reinforcing effect of organoclays. Fig. 4(a–c) also shows the load-
ing–unloading circles for the materials within 50% tensile strain.
The irreversible deformation is measured by permanent set which
is the ﬁnal strain of unloading curves. For pure PUrs, the perma-
nent set is reduced with increasing crosslinking degree. The effect
of C20 on the permanent set is negligible, indicating that the addi-
tion of silicate layers does not affect the irreversible deformation of
PUrs. Hysteresis describes the energy loss due to the internal fric-
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Fig. 3. (a) Typical stress–strain curves of HPUr/C20 nanocomposites; (b) the effect of C20 on the Young’s modulus, tensile strength and elongation at break of the HPUr.
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D. Cai, M. Song / Composites Science and Technology 103 (2014) 44–48 47tion of polymer chains [24]. Fig. 6 summaries the hysteresis of PUr/
C20 nanocomposites within a strain of 50%. The hysteresis of HPUr
is nearly less than half of that of LPUr, which is consistent with the
variation of permanent set because PUr chains are constrained by
crosslinking. The hysteresis of PUrs is increased by the addition
of C20 because the movement of nanoﬁllers leads to extra intermo-
lecular friction between nanoﬁllers and polymer chains. However,
it is more interesting to ﬁnd out that the hysteresis of HPUr is sub-stantially increased by 64% with the addition of 5 wt% C20,
whereas the increase in hysteresis of LPUr is 20% when the same
amount of C20 is added. The more crosslinking degree PUr network
has the more friction between polymer chains and silicate layers
will be generated because the movement of silicate layers becomes
more difﬁcult. Fig. 4(c and d) illustrates the hysteresis loops of
HPUr/C20 nanocomposites within 50% and 100% strain, respec-
tively. Energy dissipation is the area of hysteresis loop, and it is
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Table 2
Summary of hysteresis and energy dissipation of HPUr and HPUr/5%C20
nanocomposite.
50% Strain 100% Strain
Hysteresis
(%)
Energy dissipation
(J/m3)
Hysteresis
(%)
Energy dissipation
(J/m3)
HPUr 13 3  104 15 12  104
5%C20 20 8  104 24 28  104
48 D. Cai, M. Song / Composites Science and Technology 103 (2014) 44–48the net energy between deformation energy absorbed during load-
ing and energy released during unloading [25]. Table 2 also sum-
marized the hysteresis and energy dissipation of HPUr/C20
nanocomposites at 50% and 100% strain, respectively. We observe
that the improvement in the energy dissipation of HPUr is more
than doubled with the addition of 5 wt% C20 within the strain of
50% and 100%, respectively, and also see that the improvement of
energy dissipation is higher than that of hysteresis. The impact of
intercalated organoclays on the energy dissipation of PUrs is deliv-
ered by two pathways: strengthening the PUr matrix during load-
ing (increasing deformation energy) and generating more internal
friction (increasing hysteresis). Our study shows that these two
factors become more obvious in the PUr with higher crosslinking
degree.4. Conclusions
PUr/organoclays nanocomposites were prepared via the
approach of in-situ polymerization. The dispersion of organoclays
in a range of PEA, a typical reactive pre-polymer for PUrs, was
investigated. It was found that the intercalation of C20 could be
easily achieved by simple mixing at a medium temperature of
80 C, however, another organoclay B30 failed to be exfoliated
nor intercalated by the same mean. This study also revealed the
relationship between nano-reinforcing effect and the macromolec-
ular structure of PUr matrices. Nano-reinforcing effect and energy
dissipation turned out to be muchmore signiﬁcant for the PUr with
higher crosslinking degree in this study.
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